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1. Introduction 
Maize (Zea mays L.) grain yield have increased during the last decades. A recent review [1] 
indicated genetic grain yield gains of 74 to 123 kg ha-1 year-1 for different time periods 
between 1930 and 2001, in the US corn belt, Argentina and Brazil [2-6]. Current reviews on 
the physiological processes associated with those yield increments have been focused on US 
corn belt hybrids and maize hybrids of Ontario, Canada [e.g. 1; 7; 8]. As such, grain yield 
increments were associated mainly with an increased kernel number, a consistently 
improved stay green, and a longer period of grain fill. Those reviews agreed on that harvest 
index (HI; i.e. the relationship between grain yield and final shoot biomass) did not 
consistently change over time; in contrast, HI of Argentinean maize hybrids have increased 
during the 1960-1990 period [9; 10]. This review will be focused on the ecophysiological 
mechanisms contributing to the greater yield in modern than in older maize hybrids; with 
particular interest in Argentinean maize hybrids because they have shown a distinctive trait 
change over the years (i.e. HI increment).  
Grain yield 
Grain yield can be expressed as the product between shoot biomass and harvest index. In 
Argentina, harvest index was increased while shoot biomass was not consistently increased 
over the years during the period 1965-1993 [11]. As such, HI increased from 0.41 to 0.52 in 
maize crops growing under optimal conditions [9]. The increased harvest index was 
associated mainly to a greater increase in grain yield numerical components (i.e. kernel 
number and/or kernel weight) than in shoot biomass. On the contrary, shoot biomass has 
increased while harvest index have remained constant in maize hybrids released in Canada 
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and the US in different decades [1; 12]. Most of the shoot biomass accumulation increments 
in those hybrids, occurred during the grain-filling period [13; 14]; and they were mainly 
associated with an increased capacity of maintaining higher leaf photosynthetic rate of 
green leaf area (i.e., functional “stay green”) during the grain-filling period [15-17]. The next 
sections will review the main processes influencing grain yield numerical components 
determination (i.e. kernel number and kernel weight) and their changes in Argentinean 
maize hybrids released in different decades. Implications on stress tolerance and resource 
use efficiency will be also discussed. 
Kernel number 
Kernel number is the main yield component accounting for grain yield increments over the 
years [18; 19]. Figure 1 illustrates a conceptual framework of the main processes 
contributing to kernel number determination in maize. 
 
Figure 1. General model for kernel number determination in maize (Adapted from Andrade et al. (20)). 
Kernel number per plant is a function of the physiological condition of the crop or plant at a 
period of 15 days bracketing silking (i.e. critical period for kernel number determination; 21-
26) or between -227 and 100°C day from silking [27]. As such, kernel number is a function of 
photosynthesis at silking [22] and it is closely related with plant growth rate during the 
critical period for kernel set [18; 28]. The relationship between kernel number per plant 
(KNP) and plant growth rate during the critical period for kernel set (PGRs) was described 
by two successive curves to account for the first and second ear in prolific hybrids, or a 
single curve in non-prolific hybrids [18; 28; 29]. A particular feature of the KNP-PGRs 
relationship is the significant PGRs threshold for kernel set that results in abrupt reductions 
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in kernel number at low resource availability per plant [29]; which might reflect a strong 
apical dominance [24; 30]. Using contrasting plant densities along with individuals instead 
of plot means provide a wide range of values for PGRs and KNP; and it is possible to obtain 
more precise estimations of the threshold PGRs for kernel set [28; 29]. Allometric models are 
fitted to the relationship between shoot biomass and morphometric measurements (i.e. stem 
diameter, ear length, ear diameter) and are used to estimate the growth during the critical 
period for kernel set of individuals that remains in the field from sowing to physiological 
maturity (i.e. individual plant methodology, 29). The regression between estimated shoot 
biomass using allometric models and the actual shoot biomass of plants before silking is 
depicted in Figure 2 and it shows an example of the reliability of the individual plant 
methodology. 
 
Figure 2. Relationship between estimated and actual shoot biomass at the beginning of the critical 
period for kernel set, for an older (DKF880) and a newer (DK752) maize hybrid. Shoot biomass was 
estimated using allometric models. The dotted line shows the 1:1 ratio and the solid lines show the 
fitted model for the older (gray) and the newer (black) maize hybrids. Fitted linear equations were y = 
0.89 x + 7.1, R2 = 0.87, n=71 for the older hybrid, and y = 0.94 x + 4.2, R2 = 0.91, n=72 for the newer hybrid 
(Adapted from Echarte et al. (10)). 
A comparison of the KNP-PGRs relationship among 5 Argentinean hybrids released 
between 1965 and 1993 established that newer hybrids set more kernels per unit PGRs than 
older hybrids as was indicated by (i) the lower threshold PGRs for kernel set and (ii) the 
greater potential kernel number at high availability of resources per plant, for newer than 
for older hybrids (10; Figure 3). Plant growth rate during the critical period for kernel set at 
each plant density did not show a clear trend with the year of release. The lower threshold 
PGRs for kernel set contributed to reduce the number of sterile plants in modern than in 
older maize hybrids and thus to a higher kernel number per plant as resource availability 
per plant decreases. Other authors also found less % of barren plants in newer than in older 
hybrids [31; 32; 18]. The lower threshold PGRs for kernel set could have probably resulted 
from indirect selection of genotypes under progressively higher plant densities and from a 
wide testing area that includes low-yield environments [33-38]. The determination of the 
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thresholds of plant growth rate for kernel set were recently suggested as a phenotyping trait 
in breeding programs (39).  However, the individual plant methodology [29; 10] seems more 
suitable for a reliable estimation of PGRs thresholds for kernel set than the mean PGRs per 
plot calculated in other works [18; 40].  At high resource availability per plant, the greater 
potential kernel number in the topmost ear contributed to a high KNP [9; 10]. Although 
differences were found among hybrids, there was not a clear trend with the year of hybrid 
release in threshold PGRs for prolificacy, nor in percentage of prolific plants beyond that 
threshold [9]. Also, no significant changes in ears per plant for US maize genotypes released 
between 1930 and 1980 were evident [32]. However, an increase in prolificacy with the year 
of hybrid release was reported in other works [3; 18].  
 
Figure 3. Relationship between kernel number per uppermost ear or per plant and plant growth rate 
during a period bracketing silking (PGRs) in an older (DKF880) and a newer (DK752) maize hybrid 
released in Argentina in different decades (year of release between brackets). Triangles represent kernel 
number of prolific plants (kernel number of the topmost plus the second ear). Other symbols represent 
KN of the topmost ear at low (2-4 plants m-2; solid circles); intermediate (8 plants m-2; squares), and high 
plant densities (16-30 plants m-2; white circles). Adapted from Echarte et al. (10). 
A greater dry matter partitioning to the ear (i.e. ear growth rate per unit PGRs) and/or a 
greater grain efficiency factor (i.e. kernel set per unit of ear growth rate during the critical 
period for kernel set) are physiological processes contributing to a greater KNP per unit 
PGRs (41; Figure 1). It has been stated that kernel set improvements with the year of the 
hybrid release were attributable to (i) increased partitioning of dry matter to the ear during 
the critical period for kernel set at low and intermediate resource availability per plant; and 
to (ii) greater kernel set per unit of ear growth rate at high resource availability per plant (10; 
Figure 4). Previous works have shown dry matter partitioning to the ear increments as a 
result of a reduction in tassel size or tassel removal [24; 42; 43]. Greater dry matter 
partitioning to the ear in newer compared with older maize hybrids is in agreement with the 
declined tassel size of US hybrids from the 1930s to the 1990s [15]. Tassel branch number 
and dry weight were reduced over the years in US hybrids [2; 3]. At high resource 
availability, the greater kernel set per unit ear growth rate was mainly attributable to the 
greater potential kernel number per ear [10]. Other processes contributing to elucidate 
differences among hybrids in grain efficiency factor, like a lower assimilate requirement per 
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kernel [21; 40; 42] or a more synchronous fertilization of florets within the ear [44;45], did 
not show a clear trend with the year of the hybrid release [10]. The inherent greater stand 
uniformity of the single-cross modern than in double-cross older hybrids was not an 
additional factor influencing kernel set per unit PGRs; since, plant size variability at the 
critical period for kernel set was similar among hybrids of different decades [9]. 
 
Figure 4. Dry matter partitioning to the ear (a) and grain efficiency factor (b), for an older (DKF880) and 
a newer (DK752) maize hybrid released in Argentina in different decades (year of release between 
brackets). Bars indicate standard error. ** indicates significant differences between hybrids at  P< 0.05. 
Adapted from Echarte et al. [10]. 
The modifications to the features of the relationship between KNP and PGRs (i.e. lower 
threshold PGRs for kernel set and greater potential kernel number) were associated with a 
more uniform HI across resource availabilities in newer than in older maize hybrids (Figure 
5; 9). At low resource availability, decreases in HI were sharper in older hybrids. At high 
resource availability per plant, decreases in HI of non-prolific plants were less pronounced 
in newer than in older hybrids (Figure 5; 9);  
 
Figure 5. Relationship between harvest index per plant and final shoot biomass per plant in an older 
(DKF880) and a newer (DK752) maize hybrid released in Argentina in different decades (year of release 
between brackets). Triangles represent harvest index of prolific plants. Bottom bars represent the plant 
densities used to obtain the corresponding ranges of shoot biomass per plant. Adapted from Echarte 
and Andrade (9). 
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The lower threshold PGRs for kernel set was associated also with an improved tolerance to 
high plant density in newer maize hybrids [10]. Greater tolerance to high plant density was 
reported for hybrids released during different decades in the US, Canada and Argentina [3; 
18; 32; 36; 40; 46]. The response of grain yield to plant density was curvilinear in 
Argentinean maize hybrids released between 1965 and 1993 [19] and between 1965 and 1997 
[40], in agreement with the generally reported grain yield response to plant density for 
maize [47; 48]. Grain yield response to plant density was mostly associated with number of 
kernels per unit area [19], in accordance with other works [18; 47; 49]. In general, differences 
in kernel number m-2 among hybrids released in different decades increased with plant 
density [19]. Figure 6 shows that kernel number m-2 of a hybrid released in 1965 increased 
with plant density up to 8 pl m-2; whereas, kernel number of a newer hybrid released in 1993 
increased with plant density up to 14.5 plants m-2. A recent study demonstrated that kernel 
number of current Argentinean maize hybrids (i.e. released in 2010) is consistently higher 
than that of an hybrid released in 1993 at high plant densities [50]. Greater tolerance to other 
stresses like weed competition (51), low night temperatures [16; 52], low soil nitrogen [17; 
53; 54] and drought [55] were reported for hybrids released during different decades in the 
US and Canada.  It was demonstrated that the nature of the environmental stress (e.g., plant 
density, nitrogen, water) causing variations in PGRs did not influence the KNP-PGRs 
relationship [56; 57]. Therefore, it is likely that a lower threshold PGRs is the underlying 
feature contributing to explain the greater general stress tolerance in newer than in older 
maize hybrids.  
The greater kernel number at low plant density in newer compared with older maize 
hybrids (Figure 6) is another distinctive trait improved in Argentinean maize hybrids; since 
no grain yield improvement at very low plant densities was reported for US and Canadian 
hybrids [3; 37]. Moreover, although newer Argentinean hybrids released in 2010 yielded 
more than hybrids released in 1993 in a range of plant densities between 5 to 14.5 plants m-2, 
the greatest grain yield improvement during the 1993-2010 period occurred at the lowest 
plant density (i.e. 5 plants m-2; 49).   
 
Figure 6. Number of kernels m-2 as a function of plant density for an older (DKF880) and a newer 
(DK752) maize hybrid released in Argentina (year of release between brackets). Adapted from Echarte 
et al. (19).  
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Kernel weight and chemical quality  
A general model for kernel weight determination in maize is shown in Figure 7. Although 
kernel weight differed among hybrids it did not show a clear trend with the year of hybrid 
release [60].  
 
Figure 7. General model for kernel weight determination in maize.  
Biomass accumulation in kernels begins shortly after fertilisation and it can be represented 
by a sigmoidal pattern in which a lag and a linear growth phase can be distinguished [58; 
59]. Of the two components that determine final kernel weight (i.e. the kernel growth rate 
during the linear phase or effective grain filling period and the effective grain filling 
duration; Figure 7), kernel growth rate was the main component contributing to explain 
differences in kernel weight among hybrids released in different decades up to 1993 [60]. 
Kernel growth rate is strongly correlated with number of endospermatic cells and starch 
granules, which in turn determine the potential kernel size [61-63]. This contention suggests 
underlying differences among hybrids in potential kernel weight.  
Duration of the grain filling period, and in turn kernel weight, is affected by the ratio 
between assimilate availability (source) and the potential capacity of the ear to use the 
available assimilates (i.e. ear demand, sink) during the grain filling period (Figure 7; 29; 65; 
67-71). Since under optimal growing conditions, hybrids differ in kernel number per plant 
but also in kernel growth rate or potential kernel weight [60]; the ear demand (i.e. sink) was 
better described by both, the number of kernels per ear and their potential kernel weight 
(i.e., ear demand = KNP x kernel growth rate) rather than by KNP alone as in previous 
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works [64-68]. As such, ear demand was greater in newer than in older hybrids by means of 
a greater kernel number per plant or a large potential kernel weight [60].There was not a 
clear trend with the year of the hybrid release in source-sink ratio in non-limiting 
environments (i.e. optimum resources availability; 59). An enhanced source-sink ratio (i.e. 
calculating the sink as kernel number alone) has been indicated for Argentinean maize 
hybrids released between 1965 and 1997 [40]. However, kernel weight reductions in 
response to source reductions due to defoliation during grain filling were greater in newer 
than in older hybrids (Figure 8a; 60). This response was associated with the greater ear 
demand relative to the source capacity in newer Argentinean maize hybrids (Figure 8b). 
Thus, if breeding for high yield potential continue increasing the ear demand without a 
proportional increment in total source capacity, kernel weight would be source limited and 
it will be more affected by source variations during the grain filling period in the newer 
maize hybrids. In agreement, ear demand of current Argentinean maize hybrids (i.e. 
released in 2010) was greater than that of maize hybrids released in 1993 [72]. As such, ear 
demand increased at a rate of 1.13% year-1 during the last 45 years in Argentina; and kernel 
number was the main component influencing this increment rather than kernel growth rate 
[72]. In contrast, source-sink ratios were greater for newer than for older Ontario maize 
hybrids for the 1959-2007 period [8]. The increased functional “stay green” (i.e. capacity of a 
leaf to retain its photosynthetic rate during the grain filling period; 8) was the main factor 
underlying the larger source during the grain filling period in newer maize hybrids of the 
US corn belt and Ontario, Canada [1; 8; 17]. 
 
Figure 8. Kernel weight reduction (%) due to full defoliation during the grain filling period as a 
function of (a) year of hybrid release and (b) ear demand (mg ºC-1 d-1) for 5 hybrids released in 
Argentina from 1965 to 1993. Adapted from Echarte et al. [60]. 
The greater ear demand along with the genotypes used in the Argentinean maize breeding 
programs influenced the grain chemical quality of hybrids released in different decades [11]. 
Protein concentration decreased with the year of the hybrid release in an environment 
without nitrogen (N) fertilization but it was not modified when N was applied (Table 1); soil 
N-NO3 level at V6 stage in this experiment was higher than the minimum required for 
maximum yield achievement (i.e. 27 ppm in this experiment versus a threshold of 24 ppm 
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N-NO3 for maximum yield; 73). Protein concentration was negatively correlated with grain 
yield (r=-0.79, p=0.06) in agreement with previous findings [74-76]. The decline in protein 
concentration in kernels might have been the result of non-proportional increments of N 
and carbon fluxes to the kernels over the years. In addition, lower protein concentration in 
kernels were associated with low source-sink ratios [65; 77]. Similar trends in protein 
concentration over the years were reported for other crops [78; 79] and for US maize hybrids 
released during the period 1930-1991 [3]. On the contrary, protein concentration in kernels 
increased in Canadian hybrids released in different decades [80]. The increment in both, 
grain yield and protein concentration, might be associated with the increased source-sink 
ratio in Canadian maize hybrids [54]. As well, similar protein concentration under high N 
availability in Argentinean maize hybrids released in different decades might have been 
related to N luxury consumption [81; 82]. Oil kernel concentration was stable in hybrids 
released between 1965 and 1984; but it was reduced in hybrids released in 1993 (r2=0.84, 
p<0.05, Figure 9). Oil is mainly located in the embryo [83; 84] and it is probable that the 
embryo-endosperm ratio has decreased with the year of the hybrid release. In agreement, 
embryo-endosperm ratio was greater in US hybrids selected for high oil concentration [85].    
 
Hybrid Year of release Protein (g kg-1) 
  No N fertilized N fertilized 
DKF880 1965 95.0 a 98.7 a 
M400 1978 93.0 ab 95.7 a 
DK4F36 1982 81.0 bc 86.7 a 
DK4F37 1985 77.7 c 88.3 a 
DK664 1993 78.0 c 86.7 a 
DK752 1993 79.7 c 93.0 a 
SE within columns 4.04  
SE within rows 3.85  
Table 1. Protein concentration (g kg-1) in grains of Argentinean maize hybrids released between 1965 
and 1993 under two nitrogen treatments (i.e. N fertilized and no N fertilized). From Echarte [11]. 
 
Figure 9. Oil concentration (g kg-1) in grains of Argentinean maize hybrids released between 1965 and 
1993 under two nitrogen treatments (i.e. N fertilized and no N-fertilized). From Echarte [11]. 
30
40
50
60
70
1960 1970 1980 1990 2000
O
il 
c
o
n
c
e
n
tr
a
ti
o
n
 (
g
 k
g
-1
) 
Year of release
No N-fertilized
N fertilized
 
Agricultural Chemistry 28 
Resource capture and resource use efficiency  
Greater grain yields of newer maize hybrids might have resulted in a concomitant increase 
in resource capture and/or resource use efficiency. 
In non-limiting environments, grain yield can be expressed as the result of intercepted 
radiation, radiation use efficiency for shoot biomass production and harvest index [86]. 
Intercepted radiation did not consistently change in Argentinean maize hybrids released 
between 1965 and 1993 [11], in accordance with the lack of a consistent trend with the year of 
the hybrid release for shoot biomass. On the contrary, another study [40] reported 
accumulated intercepted radiation increments for Argentinean maize hybrids released 
between 1965 and 1997; which were attributed mainly to greater interception during the grain 
filling period. Contrasting results between works could be related to period under study 
and/or interaction between genotype and environment [87]. Nevertheless, grain yield 
increments were attributed to a large extent to greater radiation use efficiency for grain yield in 
both studies [11; 40]. The improved radiation use efficiency was not related to an improved 
light distribution within the canopy, as a lower extinction coefficient was not evident with the 
year of the hybrid release [40]. These results are in contrast to the more upright leaf habit with 
the year of the hybrid release reported for US hybrids [31]. A greater radiation use efficiency 
was also the main mechanism contributing to explain the greater shoot biomass of newer 
Canadian maize hybrids [88]. A smaller decline in maximum leaf photosynthetic rate from 
silking to maturity was the underlying process contributing to explain the greater radiation 
use efficiency in newer Canadian maize hybrids [16;17; 89]. Maximum leaf photosynthetic 
rates at silking, however, were similar among hybrids released in different decades [17].   
In water and/or nitrogen limited environments, greater grain yields associated with resource 
capture increments might have exposed current maize hybrids to more frequent nutrient or 
water stresses. Nevertheless, as it was previously discussed, newer genotypes are more 
tolerant to stresses than older hybrids. Grain yields of newer maize hybrids were greater 
than those of older hybrids across N levels [31; 53; 90; 91]. Nitrogen use efficiency (the ratio 
of grain production to soil available N) can be expressed as the result of nitrogen recovery 
efficiency (NRE, the ratio of N uptake to soil available N) and nitrogen internal efficiency 
(NIE, the ratio of grain yield to whole plant N uptake at physiological maturity). Nitrogen 
use efficiency increased with the year of the hybrid release in Argentina during the 1965 – 
2010 period [91; 92]. Nitrogen internal efficiency rather than greater N uptake largely 
explained the greater N-use efficiency of newer maize hybrids than older hybrids [92; 93]. 
These results are in agreement with findings in Canada and US [94]. The greater N-use 
efficiency in a newer than in an older Canadian maize hybrid was associated with a lower 
rate of decline of leaf photosynthesis towards physiological maturity, under both high and 
low N availability [17].  
Water stress is one of the main limitations to crop grain yield worldwide; and it may reduce 
maize grain yield by 12-15% in temperate regions [95, 96]. Grain yield of newer maize 
hybrids was greater than that of older hybrids across water regimes during the grain filling 
period [97]. Preliminary results of our group indicate that grain yield improvements in 
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Argentinean maize hybrids released between 1980 and 2004 has been associated with 
increased water use efficiency for grain production and not with water uptake, which has 
remained relatively stable [98]. This is in contrast with previous reports suggesting that 
water capture increased with the year of the hybrid release in US hybrids [99]. However, the 
consistently increased total shoot biomass with the year of the hybrid release in US hybrids 
and not in Argentinean maize hybrids may contribute to explain discrepancies between 
works. Although seasonal water uptake was similar among Argentinean maize hybrids 
released in different decades, soil water uptake during the critical period for kernel set was 
greater in newer than in older maize hybrids when soil available water was low [100]. In 
agreement, a modern Canadian hybrid was able to maintain higher leaf photosynthesis and 
transpiration during short periods of low water availability at silking than an older hybrid 
in a greenhouse study [55]. Water use efficiency for grain production was consistently 
higher in a newer than in an older Argentinean maize hybrid, and differences were greater 
at low water availability [101]. 
2. Conclusions 
Greater grain yield of newer Argentinean maize hybrids was mainly related to an increased 
harvest index; whereas shoot biomass did not consistently increased with the year of the 
hybrid release. Kernel number was the main yield numerical component contributing to 
explain grain yield increments. Processes influencing kernel number determination in 
hybrids released in different decades were analyzed using as a framework the relationship 
between kernel number per plant (KNP) and plant growth rate during the critical period for 
kernel set (PGRs); and it was evident that features of the relationship were changed through 
the years. As such, threshold PGRs for kernel set was lower and maximum kernel number 
per plant was higher in newer than in older hybrids. The lower threshold PGRs for kernel 
set contributed to explain the greater tolerance of newer hybrids to high plant densities, and 
it probably contributed to a greater tolerance to other stresses like low water availability or 
low soil N. The lower threshold PGRs for kernel set was associated with a greater assimilate 
partitioning to the ear at low resource availability per plant; which was probably related to a 
lower apical dominance in newer than in older maize hybrids. The higher maximum kernel 
number per plant at high resource availability was associated with morphogenetic changes 
leading to a greater potential kernel number per ear; whereas prolificacy was not 
consistently improved. This response of kernel number to an increased resource availability 
contributed to explain the greater grain yield of newer hybrids at low plant densities. As 
such, harvest index of newer maize hybrids was not only greater but it was also more stable 
at different resource availability than that of older maize hybrids.  
Kernel weight did not show a clear trend with the year of the hybrid release; but it was 
evident that kernel weight of newer hybrids was more susceptible to stresses during the 
grain filling period than that of the older hybrids. Kernel weight response to resource 
availability during the grain filling period was analyzed in terms of the source-sink ratio. 
The sink or the ear demand for assimilates during the grain filling period was greatly 
increased in newer maize hybrids; as a result of either a greater kernel number and/or a 
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greater kernel growth rate. Kernel growth rate has been shown to be closely associated with 
the potential kernel weight. However, the ear demand was increased to a greater extent than 
the source (i.e. plant growth during the grain filling period), and stresses during the grain 
filling period reduced kernel weight of newer hybrids more than that of the older hybrids. 
Thus, future breeding efforts for yield improvement would need to focus also on an increase 
in source capacity during the grain filling period. Kernel chemical quality was also modified 
with the year of the hybrid release; as such, protein concentration in kernels was lower in 
newer hybrids at moderate soil N availability. This change was attributed to both, the 
genotypes used in the selection programs as well as the increased carbon fluxes to the 
kernels without proportional increments in the flux of nitrogen. When N luxury 
consumption occurred, protein concentration in kernels was similar among hybrids released 
in different decades. Oil concentration also decreased in newer hybrids released in 1993.  
Resource use efficiency increments, rather than greater resource capture, concomitantly 
increased with grain yield of Argentinean maize hybrids released in different decades. In 
non-limiting environments, radiation use efficiency for grain production (i.e. grain yield per 
unit of intercepted radiation) was a consistently increased mechanism contributing to 
explain the greater grain yield of newer maize hybrids. This was associated mainly with the 
greater partitioning of assimilates to the ear and/or a greater potential kernel number per ear 
that allowed for an increased harvest index. An improved light distribution within the 
canopy was not evident. In soil N-limited environments, greater yield of newer maize 
hybrids were associated with greater nitrogen use efficiency for grain production; which 
was largely explained by a greater nitrogen internal efficiency (i.e. the ratio of grain yield to 
whole plant N uptake at physiological maturity). Similarly, in water limited environments, 
water use efficiency for grain production was greater in a newer than in an older maize 
hybrid. The lower thresholds PGRs for kernel set in newer compared with older maize 
hybrids might have resulted in a lower frequency of barren plants or with low number of 
kernels and thus in a greater kernel number at low N or low water availability. Resource 
capture was not consistently increased with the year of the hybrid release indicating that 
stressful conditions are not more frequent in current maize hybrids than before. 
Author details 
Laura Echarte, Lujan Nagore, Javier Di Matteo and Mariana Robles 
Research Council of Argentina (CONICET), Argentina 
Laura Echarte, Matías Cambareri and Aída Della Maggiora 
INTA Balcarce - Facultad de Ciencias Agrarias, Universidad Nacional de Mar del Plata. CC 276, 
7620 Balcarce, Argentina 
Acknowledgement 
This work was supported by the Research Council of Argentina (CONICET), Agencia 
Nacional de Promoción Científica y Tecnológica (ANPCyT) and INTA. 
 
Grain Yield Determination and Resource Use Efficiency in Maize Hybrids Released in Different Decades 31 
3. References 
[1] Duvick DN. The Contribution of Breeding to Yield Advances in maize (Zea mays L.). 
Advances in Agronomy 2005; 86 83-145. 
[2] Duvick DN., Smith JSC., Cooper M. Long-term selection in a commercial hybrid maize 
breeding program. In: Janick J. (ed.) Plant Breeding Reviews 2004; 24 109-151. 
[3] Duvick DN. What is yield? In: Edmeades GO., Banziger M., Mickelson HR., Peña–
Valdivia CB. (eds.) Developing Drought- and Low N-Tolerant Maize. Proceedings of a 
Symposium. March 25–29, 1996 CIMMYT, El Batan, Mexico; 1997. p332-335. 
[4] Cunha Fernandes JS., Franzon JF. Thirty years of genetic progress in maize (Zea mays 
L.) in a tropical environment. Maydica 1997; 42 21–27. 
[5] Eyhérabide GH., Damilano AL., Colazo JC. Genetic gain for grain yield of maize in 
Argentina. Maydica 1994; 39 207–211. 
[6] Eyhérabide GH., Damilano AL. Comparison of genetic gain for grain yield of maize 
between the 1980s and 1990s in Argentina. Maydica 2001; 46 277–281. 
[7] Lee EA., Tollenaar M. Physiological basis of successful breeding strategies for maize 
grain yield. Crop Science 2007; 47(S3) S202–S215. 
[8] Tollenaar M., Lee EA. Strategies for Enhancing Grain Yield in Maize. In: Janick J. (ed) 
Plant Breeding Reviews 2011; 34 37-83. 
[9] Echarte L., Andrade FH. Harvest index stability of Argentinean maize hybrids released 
between 1965 and 1993. Field Crops Research 2003; 82 1-12. 
[10] Echarte L., Andrade FH., Vega CRC., Tollenaar M. Kernel number determination in 
Argentinean maize hybrids released between 1965 and 1993. Crop Science 2004; 44 
1654-1661. 
[11] Echarte L. Yield determination in Argentinean maize hybrids released in different 
decades. PhD. Thesis. National University of Mar del Plata, Argentina; 2003. In Spanish. 
[12] Tollenaar M., Lee EA. Dissection of physiological processes underlying grain yield in 
maize by examining genetic improvement and heterosis. Maydica 2006; 51 399–408. 
[13] Crosbie TM. Changes in physiological traits associated with long-term breeding efforts 
to improve grain yield of maize. In: Loden HD., Wilkinson D. (eds.) Proceedings of the 
Annual Corn Sorghum Industry Research Conference. 37th. Chicago, IL. December 5–9 
1982. American Seed Trade Association Washington, DC; 1982. p206–233. 
[14] Tollenaar M., Muldoon JF., Daynard TB. Differences in rates of leaf appearance among 
maize hybrids and phases of development. Plant Science 1984; 642 759-763. 
[15] Tollenaar M., Dwyer LM., Stewart DW. Physiological parameters associated with 
differences in kernel set among maize hybrids. In: Westgate MA., Boote KJ. (eds.) 
Physiology and modeling kernel set in maize. CSSA Special. Publication 51. 
CSSA/ASA/SSSA, Madison, WI. 2000; p115-130.  
[16] Ying J., Lee EA., Tollenaar M. Response of maize leaf photosynthesis to low 
temperature during the grain-filling period. Field Crops Research 2000; 68 87–96. 
[17] Echarte L., Rothstein S., Tollenaar M. The Response of Leaf Photosynthesis and Dry 
Matter Accumulation to N Supply in an Older and a Newer Maize Hybrid. Crop 
Science 2008; 48 656-665. 
 
Agricultural Chemistry 32 
[18] Tollenaar M., Dwyer LM., Stewart DW. Ear and kernel formation in maize hybrids 
representing three decades of grain yield improvement in Ontario. Crop Science 1992; 
32 432–438. 
[19] Echarte L., Luque S., Andrade FH., Sadras VO, Cirilo AG., Otegui ME., Vega CRC. 
Response of maize kernel number to plant density in Argentinean Hybrids released 
between 1965 and 1993. Field Crops Research 2000; 68 1-8. 
[20] Andrade FH., Cirilo A., Echarte L. Kernel number determination in maize. In: Otegui, 
ME., Slafer, G. (eds.) Physiological basis for maize improvement; 2000. p59-70. 
[21] Tollenaar M. Sink-source relationships during reproductive development in maize. A 
review. Maydica 1997; 22 49-75. 
[22] Edmeades GO., Daynard TB. The relationship between final yield and photosynthesis at 
flowering in individual maize plants. Canadian Journal of Plant Science 1979; 59 585-
601. 
[23] Tollenaar M., Daynard TB. Relationship between assimilate source and reproductive 
sink in maize grown in a short season environment. Agronomy Journal 1978; 70 219-
223. 
[24] Fischer KS, Palmer AFE. Tropical maize. In: Goldsworthy PR., Fischer NM. (eds.) The 
physiology of tropical field crops; 1984. p213-248. 
[25] Kiniry JR., Ritchie JT. Shade-sensitive interval of kernel number of maize. Agronomy 
Journal 1985; 77 711-715 
[26] Aluko GK., Fischer KS. The effects of changes of assimilate supply around flowering on 
grain sink and yield of maize (Zea mays) cultivars of tropical and temperate adaptation. 
Australian Journal of Agricultural Research 1988; 39 153-161 
[27] Otegui ME., Bonhomme R. Grain yield components in maize. I. Ear growth and kernel 
set. Field Crops Research 1998; 56 247-256. 
[28] Andrade FH., Vega CRC, Uhart SA., Cirilo AG., Cantarero M., Valentinuz OR. Kernel 
number determination in maize. Crop Science 1999; 39 453-459. 
[29] Vega CRC., Andrade FH., Sadras VO., Uhart SA., Valentinuz OR. Seed number as a 
function of growth. A comparative study in soybean, sunflower and maize. Crop 
Science 2001; 41 748-754. 
[30] Doebley J., Stec A., Hubbard L. The evolution of apical dominance in maize. Nature 
1997; 386 485-488. 
[31] Duvick DN. Genetic contributions to yield gains of U.S. hybrid maize, 1930 to 1980. In: 
Fehr WR. (ed.) Genetic contributions to yield gains of five major crop plants. CSSA 
Special Publication 7. Madison, WI; 1981. p15-47. 
[32] Russell WA. Agronomic performance of maize cultivars representing different eras of 
maize breeding. Maydica 1984; 29 375-390. 
[33] Troyer AF., Roosenbrook RW. Utility of higher plant densities for corn performance 
testing. Crop Science 1983; 23 863-867. 
[34] Troyer AF. Breeding widely adapted, popular maize hybrids. Euphytica 1996; 92 163-
174.  
[35] Reeder LR. Breeding for yield stability in a commercial program in the USA. In: 
Edmeades, GO., Bänziger, B., Mickelson, HR., Pena-Valdivia, CB. (eds.). Developing 
 
Grain Yield Determination and Resource Use Efficiency in Maize Hybrids Released in Different Decades 33 
drought and low N tolerant maize. Proceedings of a Symposium. March 25–29, 1996. 
CIMMYT, El Batan, Mexico;1997. p387-391. 
[36] Tollenaar M., Wu J. Yield improvement in temperate maize is attributable to greater 
stress tolerance. Crop Science 1999; 39 1597-1604. 
[37] Tollenaar M., Lee EA. Yield potential, yield stability and stress tolerance in maize. Field 
Crop Research 2002; 75 161-169. 
[38] Fasoula VA., Fasoula DA. 2002. Principles underlying genetic improvement for high 
and stable crop yield potential. Field Crop Research 2002; 75 191-209. 
[39] Araus JL., Serret MD., Edmeades GO. Phenotyping maize for adaptation to drought. 
Frontiers in physiology 2012; 3 1-20.  
[40] Luque SF., Cirilo AG., Otegui ME. Genetic gains in grain yield and related physiological 
attributes in Argentine maize hybrids. Field Crops Research 2006; 95 383–397. 
[41] Vega CRC., Andrade FH., Sadras VO. Reproductive partitioning and seed set efficiency 
in soybean, sunflower and maize. Field Crops Research 2001; 72 163-175. 
[42] Bolaños J., Edmeades GO. Eight cycles of selection for drought tolerance in lowland 
tropical maize. II. Responses in reproductive behaviour. Field Crops Research 1993; 
31(3-4) 253-268. 
[43] Edmeades GO., Bolaños J., Hernández M., Bello S. Causes for silk delay in a lowland 
tropical maize population. Crop Science 1993; 33 1029-1035. 
[44] Cárcova J., Urribelarrea M., Borrás L., Otegui ME., Westgate ME. Synchronous 
pollination within and between ears improves kernel set in maize. Crop Science 2000; 40 
1056-1061. 
[45] Cárcova J., Otegui ME. Ear temperature and pollination timing effects on maize kernel 
set. Crop Science 2001; 41 1809-1815. 
[46] Tollenaar M. Physiological basis of genetic improvement of maize hybrids in Ontario 
from 1959 to 1988. Crop Science 1991; 31 119-124. 
[47] Tetio-Kagho F., Gardner FP. Responses of maize to plant population density II. 
Reproductive development, yield and yield adjustment. Agronomy Journal 1988; 80 
935-940. 
[48] Hashemi-Dezfouli A., Herbert SJ. Intensifying plant density response of corn with 
artificial shade. Agronomy Journal 1992; 84 547-551. 
[49] Daynard TB., Muldoon JF. 1983. Plant - to - plant variability of maize plants grown at 
different densities. Canadian Journal of Plant Science 1983; 63 45-59 
[50] Di Matteo JA., Cerrudo AA, Robles M., De Santa Eduviges JM., Rizzalli R., Di 
Benedetto, A., Andrade FH. Ecofisiología del rendimiento en híbridos de maíz (Zea 
mays L.) liberados en las últimas 2 décadas. IX Congreso Nacional de Maíz, Rosario, 
Argentina 2010.  
[51] Tollenaar M., Aguilera A., Nissanka SP. Grain yield is reduced more by weed 
interference in an old than in a new maize hybrid. Agronomy Journal 1997; 89 239–246. 
[52] Dwyer LM., Tollenaar M. Genetic improvement in photosynthetic response of hybrid 
maize cultivars, 1959 to 1988. Canadian Journal of Plant Science 1988; 69 81–91. 
[53] Castleberry RM., Crum CW., Krull F. Genetic yield improvement of U.S. maize cultivars 
under varying fertility and climatic environments. Crop Science 1984; 24 33–36. 
 
Agricultural Chemistry 34 
[54] Rajcan I., Tollenaar M. Source: sink ratio and leaf senescence in maize: I. dry matter 
accumulation and partitioning during grain filling. Field Crops Research 1999; 60 245-
253. 
[55] Nissanka SP., Dixon MA. Tollenaar M. Canopy gas exchange response to moisture 
stress in old and new maize hybrid. Crop Science 1997; 37 172-181. 
[56] Andrade FH., Echarte L., Rizzalli R., Della Maggiora AI., Casanovas M. Kernel number 
prediction under nitrogen or water stress. Crop Science 2002; 42 1173-1179. 
[57] Echarte L., Tollenaar M. Kernel set in maize hybrids and inbred lines exposed to stress. 
Crop Science 2002; 46 870-878.  
[58] Duncan WG., Hatfield AL., Ragland JL. The growth and yield of corn. II. Daily growth 
of corn kernels. Agronomy Journal 1965; 57 221-223. 
[59] Johnson DR., Tanner JW. Calculation of the rate and duration of grain filling in corn 
(Zea mays L.). Crop Science 1972; 12 485-486. 
[60] Echarte L., Andrade FH., Sadras VO., Abbate P. Kernel weight and post flowering 
source manipulation in Argentinean maize hybrids released in different decades. Field 
Crops Research 2006; 96 307-312.  
[61] Reddy VH, Daynard TB. Endosperm characteristics associated with rate of grain filling 
and kernel size in corn. Maydica 1983; 28 339-355. 
[62] Jones RJ., Roessler J., Ouattar J. Thermal environment during endosperm cell division in 
maize: Effects on number of endosperm cells and starch granules. Crop Science 1985; 25 
830-834. 
[63] Jones RJ., Schreibe BM., Roessler J. Kernel sink capacity in maize: Genotypic and 
maternal regulation. Crop Science 1996; 36 301-306. 
[64] Edmeades GO., Lafitte HR. Defoliation and plant density effects on maize selected for 
reduced plant height. Agronomy Journal 1993; 85 850-857. 
[65] Uhart SA., Andrade FH. Nitrogen and carbon accumulation and remobilization during 
grain filling in maize under different source/sink ratios. Crop Science 1995; 35 183-190. 
[66] Maddonni GA., Otegui ME., Bonhomme R. Grain yield components in maize II. 
Postsilking growth and kernel weight. Field Crops Research 1998; 56 257-264.  
[67] Borrás L., Otegui ME. Maize kernel weight response to postflowering source-sink ratio. 
Crop Science 2001; 49 1816-1822. 
[68] Borrás L., Slafer GA, Otegui ME. Seed dry weight response to source–sink 
manipulations in wheat, maize and soybean: a quantitative reappraisal. Field Crops 
Research 2004; 86 131-146. 
[69] Uhart SA., Andrade FH. Source sink relationship in maize grown in a cool temperature 
area. Agronomie 1991; 11 863-875. 
[70] Cirilo AG., Andrade FH. Sowing date and kernel weight in maize. Crop Science 1996; 
36 325-331. 
[71] Andrade FH., Ferreiro MA. Reproductive growth of maize, sunflower and soybean at 
different source levels during grain filling. Field Crops Research 1996; 48 155-165. 
[72] Di Matteo J., Robles M., Cerrudo A., Rizzalli R., Echarte L., Andrade FH. Ear demand in 
Argentinean maize hybrids as affected by plant density and year of release. In: 
 
Grain Yield Determination and Resource Use Efficiency in Maize Hybrids Released in Different Decades 35 
Proceeding of the ASA, CSSA, and SSSA International Annual Metting. Cincinatti, 
Ohio, EEUU; 2012. 
[73] Uhart SA., Echeverrría HE. Diagnóstico de la fertilización. In: Andrade, FH., Sadras, 
VO. (eds.) Bases para el manejo del maíz, el girasol y la soja. INTA-National University 
of Mar del Plata, Balcarce; 2000. p235-268. 
[74] Dudley JW., Lambert RJ., Alexander DE. In: Dudley JW. (ed.) Seventy generations of 
selection for oil and protein concentration in the maize kernel. Crop Science Society of 
America; 1974. p181-212. 
[75] Kamprath EJ., Moll RH., Rodriguez N. Effects of nitrogen fertilization and recurrent 
selection on performance of hybrid populations of corn. Agronomy Journal 1982; 74 
955-958. 
[76] Duvick DN., Cassman KG. Post-green revolution trends in yield potential of temperate 
maize in the north-central United States. Crop Science 1999; 39 1622-1630. 
[77] Borrás L., Curá JA., Otegui ME. Maize kernel composition and post flowering source-
sink ratio. Crop Science 2002; 42 781-790. 
[78] Slafer G., Andrade FH., Feingold S. Genetic improvement of bread wheat (Triticum 
aestivum L.) in Argentina: relationships between nitrogen and dry matter. Euphytica 
1990; 50 63-71. 
[79] Calderini DF, Torres-León S., Slafer G. Consequences of wheat breeding on nitrogen 
and phosphorus yield, grain nitrogen and phosphorus concentration and associated 
traits. Annals of Botany 1995; 76 315-322. 
[80] Vyn TJ., Tollenaar M. Changes in chemical and physical quality parameters of maize 
grain during three decades of yield improvement. Field Crops Research 1998; 59 135-
140. 
[81] Streeter JG., Barta AL. Nitrogen and minerals. In: Tesar MB.(ed.) Physiological basis of 
crop growth and development. ASA, CSSA Madison, Wisconsin; 1984. p175-200. 
[82] Uhart SA. Deficiencias de nitrógeno en maíz: efectos sobre el crecimiento, desarrollo y 
determinación del rendimiento. PhD Thesis. National University of Mar del Plata, 
Balcarce, Buenos Aires, Argentina; 1995. 
[83] Ingle J., Beitz D., Hageman RH. Changes in Composition during Development and 
Maturation of Maize Seeds. Plant Physiology 1965; 40 835-839. 
[84] Perry TW. Corn as a livestock feed. In: Sprague GF., Dudley JW.(eds). Corn and Corn 
mprovement. American Society of Agronomy, Madison, WI; 1988. p941–963 
[85] Lambert RJ., Alexander DE., Mollring EL., Wiggens B. Selection for increased oil 
concentration in maize kernels and associated changes in several kernel traits. Maydica 
1997; 42 39-43. 
[86] Gardner BR., Pearce RB., Mitchel RL. In: Gardner BR., Pearce RB., Mitchel RL. (eds.) 
Physiology of crop plants. Iowa State University Press; 1985. pp327. 
[87] Turner N. Further progress in crop water relations. Advances in Agronomy 1997; 58 
293-338. 
[88] Tollenaar M., Aguilera A. Radiation use efficiency of an old and a new maize hybrid. 
Agronomy Journal 1994; 84 536-541. 
 
Agricultural Chemistry 36 
[89] Ying J., Lee EA., Tollenaar M. Response of maize leaf photosynthesis during the grain-
filling period of maize to duration of cold exposure, acclimation, and incident PPFD. 
Crop Science 2002; 42 1164–1172. 
[90] Sangoi L., Ender M., Guidolin AF., Almeida ML., Konflanz VA. Nitrogen fertilization 
impact on agronomic traits of Maize hybrids released at different decades. Pesquisa 
Agropecuaria Brasileira 2001; 36 757-764. 
[91] Ding L., Wang KJ., Jiang GM., Biswas DK., Xu H., Li LF., Li YH. Effects of nitrogen 
deficiency on photosynthetic traits of maize hybrids released in different years. Annals 
of Botany 2005; 96 925–930. 
[92] Lahitte M., Uhart SA., Andrade FH. Eficiencia de uso de nitrógeno en híbridos de maíz 
liberados en distintas épocas en Argentina. VI Congreso Nacional de maíz. Pergamino, 
Buenos Aires, Argentina 1997; 3 129-136. 
[93] Robles M., Cerrudo AA., Di Matteo JA., Rizzalli R., Andrade FH. Nitrogen use 
efficiency of maize hybrids released in different decades. ASA, CSSA and SSSA, 
International Annual Meetings. San Antonio, Texas, USA; 2011. 
[94] Ciampitti IA., Vyn TJ. Physiological perspectives of changes over time in maize yield 
dependency on nitrogen uptake and associated nitrogen efficiencies: A review. Field 
Crops Research 2012; 133 48-67 
[95] Edmeades GO., Cooper M., Lafitte R., Zinselmeier C., Ribaut JM., Habben JE., Löffler 
C., Bänziger M. Abiotic Stresses and Staple Crops. In: Nösberger J., Geiger HH., Struik 
PC. (eds.) Crop Science Progress and Prospects; 2001; p 137-154.  
[96] Eyherabide GH., Guevara E., Totis de Zeljkovich L. Efecto del estrés hídrico sobre el 
rendimiento de maíz en la Argentina. In: Edmeades GO., Banziger M., Mickelson HR., 
Peña–Valdivia CB. (eds.) Developing Drought- and Low N-Tolerant Maize. Proceedings 
of a Symposium. CIMMYT, México, March 25-29 1996; p24-28. 
[97] Campos H., Cooper M., Habben JE., Edmeades GO., Schussler JR. Improving drought 
tolerance in maize: A view from industry. Field Crops Research 2004; 90 19–34. 
[98] Nagore ML., Echarte L., Della Maggiora AI., Andrade FH. 2012. Seasonal crop 
evapotranspiration in modern and older maize hybrids. ASA, CSSA, and SSSA 
International Annual Metting. Cincinatti, Ohio, EEUU; 2012.  
[99] Hammer GL., Dong Z., McLean G., Doherty A., Messina C., Schussler J., Zinselmeier C., 
Paszkiewicz S., Cooper M. Can Changes in Canopy and/or Root System Architecture 
Explain Historical Maize Yield Trends in the U.S. Corn Belt. Crop Science 2009; 49(1) 
299-312. 
[100] Nagore ML., Echarte L., Della Maggiora AI., Andrade FH. Rendimiento y 
evapotranspiración en híbridos de maíz de diferentes épocas. Reunion Argentina de 
Agrometeorologia 2012b. October 17-19, 2012, Malargue, Mendoza; 2012. 
[101] Nagore ML., Echarte L., Della Maggiora AI., Andrade FH. Respuesta de la fotosíntesis 
al estrés hídrico en híbridos de maíz. XXVIII Reunión Argentina de Fisiología Vegetal. 
La Plata September 26-29, 2010. Buenos Aires, Argentina; 2010. 
